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Abstract. 2014 Macroscopic approach to the wetting phenomena, based on the isotherms of disjoining pressure of wetting films in equilibrium with concave menisci or drops, allows one to calculate the contact angles for different liquids and solid substrates. The results of calculations are presented using the theory of long-range surface forces, and their agreement with experimental data is shown. The role of the transition zone between the wetting films and bulk liquid in the phenomena of line tension, mechanical and thermodynamical equilibrium, and the formation of dynamic contact angles, is demonstrated. Within the framework of the macroscopic approach the phenomena of prewetting and wetting transition are discussed.
Revue Phys. Appl. 23 (1988) We shall consider a macroscopic approach to wetting phenomena, based on an analysis of the equilibrium of menisci or drops with wetting films. The wetting films, in distinction from adsorption ones, may be considered as a part of the liquid phase. For such films the known concept of disjoining pressure may be used. The macroscopic approach is restricted to not very large contact angles, and it is valid until the thickness of wetting films exceeds several molecular layers. This allows the wetting phenomenon to be considered within the framework of the theory of long-range surface forces [1] . Reasonable combination with another microscopic approach taking into account the molecular structure of liquids [2] [3] [4] [5] , permits, as may be supposed, covering the whole range of possible values of contact angles.
In distinction from the microscopic approach, the macroscopic one enables one to take into account, not only the molecular forces, but also other components of disjoining pressure : for instance, the double-layer electrostatical forces and structural forces arising due to the overlapping of boundary liquid layer with modified structure.
Development of the long-range surface forces theory [1] allowed quantitative evaluations of wetting to be made depending on the physical properties of a solid substrate and the liquid interacting with the latter.
This approach was for the first time indicated by
Frumkin and Derjaguin [6, 7] . They have substantiated the relationship between the value of contact angle 00 and the disjoining pressure isotherms of wetting films II(h ).
That the II (h ) isotherms had been studied but insufficiently delayed for a long time the application Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/rphysap:01988002306097500 of Frumkin-Derjaguin's theory. At present, a considerable progress has been achieved both in the experimental examination of the disjoining pressure isotherms of wetting films [1, 8] [12] .
Special consideration must also be paid to the cases of complete wetting, where a continuation of the meniscus profile does not intersect the substrate (curve 3, Fig. 1 ), and a contact angle does not form.
The macroscopic theory includes consideration of the cases of both partial ( 9 0 &#x3E; 0 ) and complete wetting. Hereinbelow is given one of the derivations of the corresponding equations of the theory, based on the application of equation (1) . For [14] :
where h' = dh /dp , h" = d2h/dp 2 (8), we obtain the following expression for h. :
The values of h* are equal to 0 (curve 4, Fig. 1 A/hn0, instead of equation (11) we obtain the following expression :
At n = 3, which corresponds to the wetting films that are stable due to Lifshitz dispersion forces, S = 1.5, and h * = 1.5 ho. At n = 2, which corresponds to the wetting films that are stable due to the electrostatic repulsive forces, S = 2, and h * = 2 ho. In general, the relationship between h. and ho proves to be a function of the slit width H and the form of the H(h) isotherm, including the different components of disjoining pressure.
In the case of partial wetting (03B80&#x3E;0), it is possible to establish, by using equations (3) (3) by using the theoretical isotherm 1 (Fig. 3) lead to the contact angle of water on quartz 90 = 5° [16] , which is close to the experimental data.
When the electrostatic repulsive forces are suppressed or the film surfaces have different signs of electrical potentials w, the /3-branch of the isotherm cannot be realized. In this case, the isotherm shifts into the range of II 0 (curve 2, Fig. 3 where R is the gas constant, and T is temperature. Adsorption of a cationic surfactant charged positively the film-gas interface (03C82 = + 100 mV). When the substrate remains negatively charged (curve 7 [13] . In this case the transition zone between the meniscus and the film plays a substantial role (Fig. 6) [28] . The better the wetting -that is, the larger the film thickness ho, the quicker occurs the transition into the equilibrium state, and the smaller the difference between the values of 8 A and 9 R. [13] . For the S-shaped isotherms (curves 1, Fig. 3 The macroscopic approach enables one also to examine the known phenomenon of the wetting transition, which is at present widely discussed within the framework of the microscopic approach [5, 29, 30 ].
An increase in temperature T influences the H(h) isotherms, the consequence of which is transition from the complete wetting to the partial one. For quartz and glass substrates a worsening of the wetting by water is experimentally detected, as T is raised [31] [32] [33] . In view of the H(h) isotherms considered in figure 3, [34] . A decrease in the structural repulsive forces as T is raised, can enhance the extent of isotherm 3 (Fig. 3) entering the range of II 0. This may cause transition from the complete wetting to the partial one. The structural mechanism of transition is confirmed by a thermal reduction in the thickness of afilms [35] , as well as by the fact that the higher the substrate hydrophilicity the higher the sensitivity of contact angles to variation in temperature [31] . [37] [38] [39] .
The theory of dynamic contact angles has so far been developed only for the case of complete wetting, and when the meniscus advances at a constant velocity onto an equilibrium wetting film.
The numerical calculations were made on the basis of equation (1) [40] . Assuming that the condition dh/dx 1 holds also for the flowing transition zone, the following expression for the pressure gradient can be obtained : where an approximation K = d2h/dx2 is used for the surface curvature of liquid layer.
In equation (17) P = Po -Pc(x) -n(x) is the hydrodynamic pressure in a film. It is equal to the pressure in the gas phase Po minus the local values of the capillary and the disjoining pressure [41] .
Expression (17) figure 7 are shown the computed profiles of a meniscus moving at different flow rates v through a flat slit [40] . For determination of ed, we have used a part of the profile of a constant curvature, which is directly adjacent to the flow zone, and which is therefore found still within the region of the sloping liquid layer dh/dx 1.
In figure 8 Experimental investigations of dynamic contact angles for water on the quartz surface had shown that the values of ad began to exceed the equilibrium values ( 6 0 =10° ) at V 10-3 cm/s, thus attaining a value of 75 to 80° at v &#x3E; 0.1 cm/s [39] . As appears from figure 9, these data only qualitatively agree with the theoretical ones (full line in Fig. 9 ). The quantitative discrepancy is associated with the fact [40] .
that the theory has been developed only for the conditions of complete wetting and monotonous H(h) isotherms (curve 4, Fig. 3 ). For water on quartz, another type of the S-shaped isotherm is characteristic (curve 1, Fig. 3 ), which substantially changes the shape of the transition zone, and, hence, the qualitative calculation results.
At a slow flow rate v forms the equilibrium contact angle 90 (Fig. 10a) (20) .
For water and aqueous solutions the values of K are of about 10-6-10-5 dyne [43] . Thus, the term K /r in the right-hand side of equation (20) [47] . [9, 14] . Since the line tension arises due to the existence of the transition zone, it is clear that this difference is just associated with the term K /r.
The line tension depends on the curvature radius r [9, 14] (8) and (10) of the theory of complete wetting has been verified [49] .
The wetting films were formed on a polished quartz plate 1 (Fig. 11) where 0 (r) is the current angle value, for which tg e = ah/ar (Fig. 11) .
Solution of equation (20) Fig. 12 ). Curve 2 gives the profile of the meniscus that has not been disturbed by surface Fig. 12. -The profiles of the transition zone between the meniscus and a flat film having the radius r ^ 10 03BCm, both determined experimentally (curve 1) and calculated theoretically (curve 3). Curve 2 indicates the profile of an undisturbed meniscus (10-4 mole/1 NaCI).
forces, as plotted with the use of equation (22) . A minimum on this curve determines the layer thickness h *.
Then the theoretical profile of the transition zone may also be attempted to be constructed. However, the theory of the transition zone has so far been developed only for a meniscus in a flat slit, and for the isotherms of the type II = A/hn [11] . A corresponding equation for the profile of the transition zone h (x ) has the following form : where x is the tangential coordinate.
The width of the slit H, which is equivalent to the round cell, was determined by equalizing the capillary pressure of the cylindrical meniscus in a flat slit (Fig. 1) and that of the meniscus in the tube (Fig. 11) . This 
